Introduction: The goal of this study was to assess the influence of vaccination against enteric redmouth disease on oxidative stress biomarkers and antioxidant defence in the muscle tissue of rainbow trout (Oncorhynchus mykiss Walbaum) vaccinated against Yersinia ruckeri in the first and second month after immunisation. Material and Methods: Healthy fish were vaccinated orally with inactivated whole cells of a virulent strain of Y. ruckeri. One and two months after immunisation the muscle samples were collected. Results: No significant difference was noted in lipid peroxidation level in either the first or second month after vaccination, while aldehydic and ketonic derivatives of oxidatively modified proteins (OMB) in the vaccinated group were significantly lower in the second month compared to those in the first month after vaccination (P < 0.05). The content of ketonic derivatives of OMB in muscles in the first month after immunisation was higher compared to untreated control. All these culminated in a depletion of glutathione peroxidase (GPx) activity and low level of total antioxidant capacity (TAC). Conclusion: Correlations between catalase activity and lipid peroxidation and TAC confirmed the pivotal role of catalase in antioxidant defence during immunisation. From a broader perspective, it is suggested that immunisation of fish with Yersinia vaccine is associated with induced free radical formation and oxidative stress. Free radicals would therefore be at least partially responsible for the induction of both humoral and cellular elements of the immunity and increased protective immunity against Y. ruckeri infection.
Introduction
Yersinia ruckeri is the causative agent of yersiniosis, or enteric redmouth disease (ERM), leading to significant economic losses in salmonid aquaculture worldwide. Infection may result in asepticaemic condition with haemorrhages on body surface and in internal organs (29) . The specific pathogenic mechanisms of this bacterium have remained elusive until recently, when the results obtained with traditional microbiology have been complemented with those provided by molecular biology (8) . Very little information is available on the pathogenesis hampering the development of preventive measures to efficiently combat this bacterial agent (29) . The data obtained by using novel techniques have started to shed light on the virulence of this pathogen. Iron acquisition by the siderophore ruckerbactin, proteolytic, and haemolytic activities, and resistance to immune mechanisms, were proved to be involved in the virulence of this bacterium (8) .
Numerous outbreaks of ERM caused by Y. ruckeri in rainbow trout farms are currently being recorded despite established vaccination procedures against the disease. This could indicate that the currently used application of single immersion vaccination does not provide full protection (4) .
Y. ruckeri bacterin was the first commercially produced fish vaccine, and the formalin-killed wholecell product continues to be highly effective whether administered by immersion, spray, injection, or oral routes. Serovar 1 "Hagerman" strains are the basis for most commercial bacterins, and serovar 2 is not included, despite epizootics in chinook salmon and brook trout. Vaccination studies have reported different degrees of cross-protection between serogroups of Y. ruckeri, but the basis for the cross-protection is not clear. Lipopolysaccharide (LPS) of serovar 1 Y. ruckeri elicits negligible or weak antibody responses in fish and low cell-proliferation memory responses compared with serovar 2 strains (28) . Y. ruckeri bacterin can be administered by intraperitoneal (i.p.) injection, immersion, and oral administration (14) . The obtained protective immunity is superior with i.p. injection followed by immersion, and oral administration (14) . Antibodies in rainbow trout only in few cases are associated with protection following immersion vaccination (23) .
The oxidative stress markers are important indicators of the physiological state of fish immunised by vaccine against Y. ruckeri. Among different markers of oxidative stress, 2-thiobarbituric acid reactive substances (TBARS), content of oxidative protein damage, and natural antioxidants: metalloenzymes, superoxide dismutase (SOD), catalase (CAT), and selenium dependent glutathione peroxidase (GPx), are currently considered to be the most important (24) . Malondialdehyde (MDA) is a three-carbon compound formed from peroxidised polyunsaturated fatty acids, mainly arachidonic acid. It is one of the end products of membrane lipid peroxidation. Since MDA content increases in various diseases with excess of reactive oxygen species (ROS), many relationships with free radical damage were observed (24) . CAT and SOD are the major defences against ROS. SOD converts superoxide anions into H2O2, and CAT converts H2O2 to molecular oxygen and water (12) . SOD exists in two forms: Cu,Zn-SOD, primarily present in the cytoplasm, and Mn-SOD, present primarily in the mitochondria. Cu,Zn-SOD is an intracellular enzyme present in all oxygen-metabolising cells, which dismutates the extremely toxic superoxide radical into potentially less toxic hydrogen peroxide. GPx, an intracellular enzyme, belongs to a group of several proteins in cells that can metabolise H2O2 and lipid hydroperoxides (24) .
Therefore, exploring the effects of vaccination against Y. ruckeri on oxidative stress biomarkers in different tissues and monitoring the health condition of trout in general would be valuable. In the present study, we determined the influence of vaccination against yersiniosis on oxidative stress biomarkers and antioxidant defence in the muscle tissue of the rainbow trout (Oncorhynchus mykiss Walbaum) vaccinated against Y. ruckeri in the first and second month after immunisation. The following parameters were evaluated in the muscles of rainbow trout immunised with Y. ruckeri vaccine: oxidative stress biomarkers: 2-thiobarbituric acid reactive substances (TBARS), aldehydic and ketonic derivatives of oxidatively modified proteins (OMB), as well as activities of the antioxidant enzymes (superoxide dismutase, catalase, glutathione reductase, glutathione peroxidase, and total antioxidant capacity).
Material and Methods
Experimental animals. Clinically healthy rainbow trout with a mean body mass of 107.9 ± 3.1 g were used in the experiments. The experiments were performed in water at 14.5 ± 0.5°C and pH 7.2-7.4. The dissolved oxygen level was about 9 ppm with additional oxygen supply, with a water flow of 25 L/min, and a photoperiod of 12 h per day. The same experimental conditions were used during the whole research. The water parameters were maintained under constant surveillance. The fish were held in square tanks (150 fish per tank) and fed commercial pelleted diet.
Experimental design. The fish were divided into two groups: untreated control and immunised against ERM. The vaccine against ERM (Department of Fish Diseases, National Veterinary Research Institute, Pulawy, Poland) contained three inactivated Y. ruckeri strains originating from rainbow trout cultured at different farms, in which fish were exhibiting clinical signs of ERM. The bacteria isolates belonged to O1 serotype and showed some differences in their biochemical properties. Concentrated vaccine was incorporated into fish feed and was administered three times every other day. Fifteen rainbow trout from each group were euthanised 30 and 60 d after the immunisation, and then muscle samples were collected.
Laboratory analyses. The muscle samples were homogenised in ice-cold buffer (100 mM Tris-HCl, pH 7.2) using a glass homogeniser immersed in ice water bath. Homogenates were centrifuged at 3000 g for 15 min at 4°C. After centrifugation, the supernatant was collected and frozen at −20°C until analysis. Protein contents were determined with the method described by Bradford (3) with bovine serum albumin as a standard. Absorbance was recorded at 595 nm. All enzymatic assays were carried out at 22 ± 0.5°C using a Specol 11 spectrophotometer (Carl Zeiss Jena, Germany) in duplicate. The enzymatic reactions were started by adding the tissue supernatant.
Determination of 2-thiobarbituric acid reactive substances (TBARS). The level of lipid peroxidation was determined by quantifying the concentration of TBARS with the Kamyshnikov method for determining the MDA concentration (15) . Briefly, 2.1 mL of sample homogenate (in tris-HCl buffer, 100 mM, pH 7.2) was added to 1 mL of 20% of 2-thiobarbituric acid (TCA), and 1 mL of 0.8% of trichloroacetic acid (TBA). The mixture was heated in a boiling water bath for 10 min. After cooling, the mixture was centrifuged at 3000 g for 10 min. The absorbance of the supernatant was measured at 540 nm. The concentration of MDA (nmol/1 mg of protein) was calculated using 1.56 10 5 mM -1 cm -1 as the extinction coefficient.
Measurement of carbonyl groups of oxidatively modified protein. The rate of protein oxidative destruction was estimated from the reaction of the resultant carbonyl derivatives of amino acid reaction with 2,4-dinitrophenylhydrazine (DNPH) as described by Levine et al. (20) , modified by Dubinina et al. (6) . DNPH was used for determining carbonyl content in soluble and insoluble proteins. Briefly, 1 mL of 0.1M DNPH (dissolved in 2M HCl) was added to 0.1mL of the sample after denaturation of proteins by 20% TCA. After addition of the DNPH solution (or 2M HCl to the blanks), the tubes were incubated for 1 h at 37ºC. The tubes were spun in a centrifuge for 20 min at 3000 g. After centrifugation, the supernatant was decanted and 1 mL of ethanol-ethylacetate solution was added to each tube. After mechanical disruption of the pellet, the tubes were allowed to stand for 10 min and then spun again (20 min at 3000 g). The supernatant was decanted, and the pellet was washed thrice with ethanol-ethylacetate solution. After the final wash, the protein was solubilised in 2.5 mL of 8M urea solution. To speed up the solubilisation process, the samples were incubated at 90ºC in a water bath for 10 to 15 min. The final solution was centrifuged to remove any insoluble material. The carbonyl content was calculated from the absorbance measurement at 370 nm and 430 nm, and an absorption coefficient of 22 000 M -1 cm -1
. Carbonyl groups were determined spectrophotometrically from the difference in absorbance at 370 nm (aldehydic derivatives, OMP370) and 430 nm (ketonic derivatives, OMP430).
Assay of superoxide dismutase activity. Superoxide dismutase (SOD, E.C. 1.15.1.1) activity was assessed by its ability to dismutate superoxide produced during quercetin auto-oxidation in an alkaline medium (pH 10.0) using the method described by Kostiuk et al. (18) . Briefly, 1.0 mL of C reagent was mixed with 0.1 mL of sample (dilution in water, 1:1000). C reagent was made ex tempore (mixture of equal volumes of 0.1-M K, Na-phosphate buffer, pH 7.8, and 0.08-M EDTA solution); pH of C reagent was adjusted to 10.0 by adding tetramethylenediamine. Distilled water (0.1 mL) was added to blank vials instead of blood sample. The total volume of all samples was brought up to 2.4 mL using distilled water. The reaction was initiated by adding 0.1 mL of quercetin (1.4 mM dissolved in dimethyl sulfoxide). Absorbance at 406 nm was measured immediately and 20 min after addition of quercetin solution. Activity was expressed in units of SOD/mg of tissue protein.
Measurement of catalase activity. Catalase (CAT, E.C. 1.11.1.6) activity was determined by measuring the decrease of H2O2 in the reaction mixture using a spectrophotometer at the wavelength of 410 nm using the method described by Koroliuk et al. (17) . The reaction was initiated by adding 0.1 mL of the sample into the incubation medium (2 mL of 0.03% H2O2 solution) and to 1.0 mL of 4% ammonium molybdate dissolved in 12.5 mM H2SO4 solution (blank sample). The duration of reaction was 10 min at room temperature. The reaction was terminated by adding 1.0 mL of 4% ammonium molybdate dissolved in 12.5 mM H2SO4 solution to incubation medium and 1mL of 125 mM H2SO4 to all samples. The samples were centrifuged at 3000 g for 5 min. The absorbance of the obtained solution was measured at 410 nm and compared with that of the blank sample. One unit of CAT activity was defined as the amount of enzyme required for decomposition of 1 μmol H2O2/min/mg of protein.
Measurement of glutathione reductase activity. Glutathione reductase (GR, EC 1.6.4.2) activity in the blood was measured according to the method described by Glatzle et al. (13) with some modifications. The enzymatic activity was assayed spectrophotometrically by measuring NADPH2 consumption. In the presence of GSSG and NADPH2, GR reduces GSSG and oxidises NADPH2, resulting in a decrease in the absorbance at 340 nm. The enzyme assay mixture contained 2.4 mL of 67 mM sodium phosphate buffer (pH 6.6), 0.2 mL of 7.5 mM oxidised glutathione, and 0.1 mL of sample. The rate of NADPH2 oxidation was measured spectrophotometrically at 340 nm. Quantification was performed based on a molar extinction coefficient of 6.22 mM -1
•cm -1 of NADPH2. The GR activity was expressed as μmol of NADPH2/min/mg of protein.
Assay of glutathione peroxidase activity. Glutathione peroxidase (GPx, EC 1.11.1.9) activity was determined by detecting the nonenzymatic utilisation of GSH (the reacting substrate) at an absorbance of 412 nm after incubation with 5,5-dithiobis-2-nitrobenzoic acid (DTNB) according to the method of Moin (22) . The assay mixture contained 0.8 mL of 0.1 M tris-HCl buffer with 6 mM EDTA and 12 mM sodium azide (pH 8.9), 0.1 mL of 4.8 mM GSH, 0.2 mL of sample, 1 mL of 20 mM t-butyl hydroperoxide, and 0.1 mL of 0.01 M DTNB. The rate of GSH reduction was measured spectrophotometrically at 412 nm. Glutathione peroxidase activity was expressed as μmol GSH/min/mg of protein.
Measurement of total antioxidant capacity (TAC). The TAC level in the plasma was estimated by measuring the TBARS level after Tween 80 oxidation. This level was determined spectrophotometrically at 532 nm (10) . Plasma inhibits the Fe 2+ /ascorbate-induced oxidation of Tween 80, resulting in a decrease in the TBARS level. Briefly, 0.1 mL of sample was added to 2 mL of 1% Tween 80 reagent, 0.2 mL of 1 mM FeSO4, and 0.2 mL of 10 mM ascorbic acid. In the blank assay, 0.1 mL of distilled water was used instead of the sample. The mixture was heated in boiling water bath for 48 h at 37ºC. After cooling, 1 mL of 20% TCA was added.
The mixture was centrifuged at 3000 g for 10 min. After centrifugation, 2 mL of supernatant and 2 mL of 0.25% TBA reagent were mixed. The mixture was heated in a water bath at 95ºC for 15 min. The absorbance of the obtained solution was measured at 532 nm. The absorbance of the blank was defined as 100%. The level of TAC in the sample (%) was calculated with respect to the absorbance of the blank sample.
Statistical analysis. Data were presented as the mean ± S.E.M. and were checked for assumptions of normality using the Kolmogorov-Smirnov one-sample test and Lilliefors tests (P > 0.05). Significance of differences in the lipid peroxidation level, level of carbonyl derivatives of amino acid reaction, and antioxidant enzyme activities were examined using Mann-Whitney U test according to Zar (32) . In addition, the relationships between oxidative stress biomarkers of all individuals were evaluated using Spearman's correlation analysis. All statistical analysis was performed by STATISTICA 10.0 software (StatSoft, Poland).
Results
The lipid peroxidation (TBARS level) in the muscle tissue of trout vaccinated against Y. ruckeri did not differ significantly from that in controls in the first and second month after immunisation (Fig. 1) .
Aldehydic and ketonic derivatives of oxidatively modified proteins in the muscle tissue of control group and the group vaccinated against Y. ruckeri were significantly reduced (by 30%, P = 0.049 and by 54.4%, P = 0.000 respectively) in the second month after immunisation compared to those after the first month (Fig. 2) . Vaccination caused a significant decrease (by 44%, P = 0.006) in the level of ketonic derivatives in the muscle tissue two months after vaccination compared to the values after the first month. Higher aldehydic and ketonic derivatives of protein damage were found in fish in the first month after immunisation (37.72 ± 4.27 and 27 ± 3.01 nmol/mg of protein respectively) (Fig. 2) . Ketonic derivatives of OMB content in the muscle of vaccinated fish was higher by 45% (P = 0.037) in the first month after immunisation compared to controls (Fig. 2B) .
The antioxidant defence markers in the muscle tissue in response to anti-Yersinia vaccine treatment are presented in Table 1 . SOD activity in muscle of vaccinated fish in the first month after immunisation was higher by 5.3% (P = 0.036) compared to controls. Muscle CAT activity was significantly higher in control group in the second month (by 118.5%, P = 0.013) compared to control group in the first month, as well as in vaccinated group in the second month (by 71.6%, P = 0.005) compared to vaccinated group in the first month. GR activity was significantly higher in control group in the second month (by 8.4%, P = 0.041) compared to control group in the first month. Two months after immunisation, GR activity was lower by 45.6% (P = 0.017) compared to control group. GPx activity in the muscle was also significantly inhibited in both control and vaccinated groups in the second month (by 82.5% and by 83%, P = 0.000 respectively) compared to the values in the first month after immunisation. TAC, which is another marker used for indirect determination of the levels of oxidative stress in tissue (2), was significantly increased in the muscles of vaccinated group compared to those in the controls in the second month after immunisation (by 77.9%, P = 0.013) ( Table 1) .
Correlations between oxidative stress and antioxidant defence markers in the muscle tissue of the trout vaccinated against Y. ruckeri in the first and second month after immunisation are presented in Table 2 . (n = 15) * -P < 0.05 when compared to control group values in the first and second month after immunisation; ** -P < 0.05 when the values for vaccinated group were compared in the first and second month after immunisation; a -P < 0.05 when the values for control group and vaccinated group were compared in the first month after immunisation Data are presented as mean ± S.E.M. (n = 15) * -P < 0.05 when the values for control group were compared in the first and second month after immunisation; ** -P < 0.05 when the values for vaccinated group were compared in the first and second month after immunisation; a -P < 0.05 when the values for control group and vaccinated group were compared in the first month after immunisation; b -P < 0.05 when the values for control group and vaccinated group were compared in the second month after immunisation 
Discussion
Vaccination of salmonids against Y. ruckeri has been conducted successfully for more than 30 years but the protective mechanisms in fish activated by this type of immunisation are still being debated. In the present study, we have demonstrated the induction of oxidative stress in the muscle tissue of rainbow trout after vaccination on the basis of the most widely used and accepted markers: TBARS as a marker of lipid peroxidation, aldehydic and ketonic derivatives of oxidatively modified proteins, antioxidant enzymes activity, and the total antioxidant capacity. TBARS, which is the final product of lipid peroxidation induced by free radicals, has been implicated as the most important cause of destruction and damage in cell membranes. This occurs because the polyunsaturated fatty acids of cell membranes are degraded by this process, with consequent rupture of membrane integrity. Membrane peroxidation may lead to changes in membrane fluidity and permeability, and may also increase protein degradation and rates of cell lysis (2, 11) . Lipid peroxidation has been implicated in the aetiology of damage to subcellular membranes by inactivating cell constituents through oxidation or inducing oxidative stress by undergoing radical chain reaction (1) . In this study our results clearly demonstrate that immunisation by antiYersinia vaccine does not alter the muscle tissue of rainbow trout. Oxidative stress parameters were examined in muscle homogenate, and lipid peroxidation, assessed on the basis of the amount of MDA, was non-significantly changed (P > 0.05) in the muscle tissue of vaccine-treated fish (Fig. 1) .
Because the generation of carbonyl derivatives occurs by many different mechanisms, the level of carbonyl groups in proteins is widely used as a marker of oxidative protein damage (20, 27) . The present work has also shown that the aldehydic and ketonic derivatives of oxidatively modified proteins decreased significantly following vaccination against Y. ruckeri. Decreased levels of aldehydic and ketonic derivatives were found 8 weeks post-vaccination, which corresponds to the time required at 15°C to develop protective immunity against Y. ruckeri (25). Fig. 2 shows a significant (P < 0.05) decline in the production of aldehydic and ketonic derivatives of oxidatively modified proteins in the muscle tissue of anti-Yersinia vaccinated fish in the second month compared to the values in the first month after immunisation, as well as vaccine-induced alteration in the function of some antioxidant enzyme markers.
Immunisation against Y. ruckeri resulted in a significant (P < 0.05) decrease in glutathione peroxidase enzyme activity in the muscle tissue in the second month after immunisation. Our study also showed that there was a significant (P < 0.05) increase in catalase activity with a decrease in glutathione peroxidase activity in the muscle tissue of controls in the second month compared to that in the first month after immunisation. In the first month after immunisation, anti-Yersinia vaccination resulted in an increase in the production of aldehydic and ketonic derivatives of oxidatively modified proteins, with elevated glutathione peroxidase activity. In the second month after immunisation, the vaccination resulted in a decrease in the levels of oxidatively modified proteins. All these culminated in a depletion of glutathione peroxidase activity and low levels of total antioxidant capacity (Table 1) . Our results indicated that aldehydic and ketonic derivatives of oxidatively modified proteins are correlated with TAC (r = 0.664, P = 0.007 and r = 0.612, P = 0.015 respectively) in the muscle tissue of vaccinated fish one month after immunisation (Table 2) .
We assume that the reaction of the adaptive response of the immune system during vaccination against Y. ruckeri is enhanced by oxidative stress. Antioxidant defence of fish tissues confers a high degree of protection to the fish against vaccineinduced oxidative stress. Actually, when a microbe is recognised by phagocytes and engulfed, it triggers a process, called respiratory burst, in which phagocytes elevate their oxygen consumption. The NADPH-oxidase (NOX2) is pivotal to the respiratory burst through generation of ROS. It also actively participates in cellular activities, including neutrophil extracellular trap (NET) formation and inflammasome activation, and attaches itself to the phagosomal membrane during phagocytosis (31) .
Fish are the most primitive gnathostomes (jawed vertebrates) possessing an adaptive immune system (25) . The reaction of the adaptive response of the immune system is enhanced by oxidative stress (19) which is a process associated with the action of ROS and reactive metabolites in the organism (7). The results of Ryckaert et al. (26) showed that Y. ruckeri induced the production of reactive oxygen species, respiratory burst response, and macrophage viability. The authors clearly demonstrated the capacity of Y. ruckeri to survive in rainbow trout macrophages in vitro as well as in vivo, confirming its facultative intracellular nature. ROS play an irreplaceable role in phagocytosis as one of the significant microbicidal systems (16) . Depending on the type of oxidants, intensity and time of redox imbalance, as well as on the type of cells, oxidative stress plays a role in the regulation of synthesis and activity of antioxidant defence (7) .
Activation of immune factors by vaccination against Y. ruckeri plays a crucial role in respiratory burst through generation of ROS. Immunisation against Y. ruckeri reported here may play a significant role in vaccination-induced protein damage in muscle tissue of trout due to phagocyte respiratory burst. Many researchers confirmed the respiratory burst through generation of ROS as a result of activation of the immune system of fish vaccinated against Y. ruckeri. Chettri et al. (5) indicated that early life stages (yolk-sac larvae) merely up-regulate a few genes and a limited capacity of larvae to mount an immune response by gene regulation at the transcriptional level. It could be speculated that larvae may be covered by protective shield of different immune factors providing protection against broad range of pathogens. However, the increased susceptibility of older fry suggests that Y. ruckeri may utilise some of the immune elements to enter the naive fish. A high expression of cytokines (IL-1β, TNF-α, IL-22, IL-8, and IL-10), acute phase proteins (SAA, hepcidin, transferring, and precerebellin), complement factors (C3, C5, and factor B), antimicrobial peptide (cathelicidin-2), and inducible nitric oxide synthase (iNOS) was found in infected fry when compared to the uninfected control. The upregulation of iNOS and IL-22 in the infected larvae implicates an important role of these molecules in immune response at early developmental stages. A dense covering of surfaces of gill filaments by IgT antibody in young fish suggests a role of this antibody as innate immune factor at early developmental stages (5).
Raida and Buchmann (25) also demonstrated that gene expression in fish vaccinated against Y. ruckeri was up-regulated with regard to pro-inflammatory cytokines IFN-γ, TNF-α, and IL-6, and antiinflammatory cytokines IL-10 and TGF-β, cell receptors TcR, CD8α, CD4, and C5aR, and the teleost specific immunoglobulin IgT. Humoral factors such as Ig and complement are less important in the protection induced by bath vaccination. Expression of cellular factors such as CD8α was significantly increased in the protected trout and this suggests that cellular factors including cytotoxic T-cells could play a role in immunity against Y. ruckeri (25).
Wiens and Vallejo (30) reported temporal and quantitative changes in rainbow trout immune response parameters following a primary challenge with BT2 Y. ruckeri strain YRNC10. Fish were injection-challenged with ten-fold dilutions of viable bacteria and sampled on days 1, 3, 5, and 7 postchallenge. TNFα1 and IL1-β1 transcripts were increased by day 1 post-challenge. Y. ruckeri infection induced modest changes in INFγ and Mx-1 gene transcript abundance at intermediate or high challenge doses and the expression patterns of both genes were positively correlated with pro-inflammatory gene and acute-phase gene transcription patterns. TNF superfamily 13b (BAFF) gene expression was significantly down-regulated in response to infection on days 3, 5, and 7 at the highest challenge doses. The spleen somatic index was significantly increased on days 3, 5, and 7 post-infection and positively correlated with spleen colony forming units and abundance of gene transcripts SAA, TNFα1, and IL1-β1 (30) . Therefore, immunisation is pivotal to the respiratory burst through generation of ROS in immunity against Y. ruckeri.
In summary, the findings described in the present study indicate that immunisation with anti-Yersinia vaccine does not alter oxidative stress markers compared to controls in the first and second month after immunisation. Correlative analysis between oxidative stress and antioxidant defence biomarkers confirm our conclusions (Table 2) . Correlations between catalase activity and TBARS level (r = 0.617, P = 0.014) and TAC (r = 0.572, P = 0.025) in the muscle tissue of anti-Yersinia vaccinated animals in the first month confirm the pivotal role of catalase in antioxidant defence during immunisation (Table 2) . Catalase converts H2O2 to H2O. Moreover, among the ROS, H2O2 best of all fulfils the requirements of being a second messenger. Its enzymatic production and degradation, along with the requirements for the oxidation of thiols by H2O2, provide the specificity for time and place that are required in signalling. Among possible oxidation states of cysteine, formation of sulfenic acid derivatives or disulfides can be relevant as thiol redox switches in signalling (9). Makino et al. (21) have constructed a metabolic model describing the H2O2 elimination by cells. It comprises three compartments (medium, cytosol, and peroxisome) separated by cytoplasmic and peroxisomal membranes, and H2O2 moves across the membranes with different permeation rate constants. Catalase localises to peroxisomes, while glutathione peroxidase and GSH recycling system (glutathione reductase and oxidative pentose phosphate pathway) localise to cytosol (21) . We have also shown that glutathione peroxidase enables to avoid the cellular lesions caused by anti-Yersinia vaccine. From a broader perspective, it is suggested that immunisation of fish by antiYersinia vaccine is associated with induced free radical formation and oxidative stress. ROS would therefore be at least partially responsible for the induction of both humoral and cellular elements of the immunity with increased protection against Y. ruckeri infection. Catalase and GPx are the major defence factors against oxidative stress induced by vaccination. Oxidative stress biomarkers, i.e. the content of oxidative protein damage, as well as antioxidant enzymes and total antioxidant capacity in the muscle tissue, may potentially be used as biomarkers in evaluating anti-Yersinia vaccine efficacy in rainbow trout.
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